In human, both primary and nonprimary motor areas are involved in the control of voluntary movements. However, the dynamics of functional coupling among different motor areas has not been fully clarified yet. Because it has been proposed that the functional coupling among cortical areas might be achieved by the synchronization of oscillatory activity, we investigated the electrocorticographic coherence between the supplementary motor and primary sensorimotor areas (SMA and S1-M1) by means of event-related partial coherence analysis in 11 intractable epilepsy patients. We found premovement increase of coherence between the SMA proper and S1-M1 at the frequency of 0-33 Hz and between the pre-SMA and S1-M1 at 0-18 Hz. Coherence between the SMA proper and M1 started to increase 0.9 sec before the movement onset and peaked 0.3 sec after the movement. There was no systematic difference within the SMA (SMA proper vs pre-SMA) or within the S1-M1, in terms of the time course as well as the peak value of coherence. The phase spectra revealed near-zero phase difference in 57% (20 of 35) of region pairs analyzed, and the remaining pairs showed inconsistent results. This increase of synchronization between multiple motor areas in the preparation and execution of voluntary movements may reflect the multiregional functional interactions in human motor behavior.
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In the motor system, the primary motor (M1) and the nonprimary motor areas, including the supplementary motor area (SMA), are both active during voluntary movements (Tanji and Kurata, 1982; Ikeda et al., 1992; Shibasaki et al., 1993; Deiber et al., 1996) . Furthermore, anatomical studies show dense direct connections among those motor areas (Dum and Strick, 1991; Luppino et al., 1993) . It is conceivable, therefore, that multiple motor areas are functionally bound together to work as a global network in performing a motor act. One possible advantage of the networktype system may be the adaptability against the regional dysfunction. Motor deficits caused by localized cortical lesions often show dramatic recovery. Imaging studies using hand movement tasks showed that, in patients with ischemic lesions in M1 showing good motor recovery, activation of the premotor areas, including the SMA, was increased (Cramer et al., 1997; Seitz et al., 1998) . Furthermore, motor deficits caused by the SMA lesions are known to be transient, possibly because of compensatory process within the motor system (Laplane et al., 1977; Rostomily et al., 1991) . Therefore, the functionally coupled cortical network might be a physiological substrate of large-scale motor plasticity.
Oscillations of cortical neuronal activity and local field potential are recorded in association with various brain functions such as visual (Eckhorn et al., 1988; Gray and Singer, 1989) , olfactory (Freeman, 1972) , auditory (Pantev et al., 1991) , and sensorimotor systems (Pfurtscheller and Aranibar 1979; Sanes and Donoghue, 1993; Murthy and Fetz, 1996; Donoghue et al., 1998) . Recently, it is proposed that synchronous oscillations in two brain areas become coupled each other in binding the features separately processed in each of two areas (Singer, 1993; Singer and Gray, 1995) .
Direct cortical recording in humans shows that voluntary movements modulate oscillatory activities arising from M1 and the SMA proper (Toro et al., 1995; Crone et al., 1999a,b; Ohara et al., 2000a) . The premovement decrease of oscillatory activities is believed to indicate the activated state of the underlying cortex (Pfurtscheller, 1992) . Recent studies of cortico-muscular coherence demonstrated functional coupling between motor areas and spinal motoneurons, indicating a significant role of cortical oscillatory activity in the motor control (Murthy and Fetz, 1992; Conway et al., 1995; Salenius et al., 1996 Salenius et al., , 1997 Brown et al., 1998; Halliday et al., 1998; Mima et al., , 2000 Ohara et al., 2000b) .
Attempts have been made to demonstrate a correlation among oscillations arising from multiple motor areas such as M1 and SMA (Rappelsberger et al., 1994; Andrew and Pfurtscheller, 1995; Leocani et al., 1997; Gerloff et al., 1998; Andres et al., 1999) . However, the scalp-recorded electroencephalogram (EEG) has a limited spatial resolution because of volume conduction of electric activity, In this regard, the electrocorticogram (ECoG) is expected to provide us with a valuable information. Therefore, to test our hypothesis that not only the local cortical activation but also the inter-regional functional coupling may be modulated by motor tasks, we analyzed movement-related change of ECoG coherence among different motor areas.
MATERIALS AND METHODS

Subjects.
We studied 11 right-handed patients (six females and five males, age 13-50 years) with medically intractable partial epilepsy or brain tumor (Table 1 ). All these patients underwent chronic implantation of subdural electrodes for the purpose of surgical treatment. Cortical electric potentials were recorded with platinum electrodes (Ad-Tech Company, Racine, W I). Each electrode was 3 mm in diameter, and the center-to-center interelectrode distance was 1 cm. The electrodes were placed at both the mesial and lateral surface of the frontoparietal lobes on the left hemisphere in seven subjects (patients 1, 2, 4, 5, 8, 9, and 11) and on the right in four subjects (patients 3, 6, 7, and 10) . This invasive technique was performed to identif y the epileptogenic area by recording epileptic discharges and to delineate the f unction of the cortical areas around the epileptogenic site by cortical electric stimulation and recording of somatosensory evoked potentials (SEPs). Written informed consent was obtained from all subjects after the purpose, and possible consequences of the studies were explained (C linical Research protocol number 79 approved by the Committee of Medical Ethics, Graduate School of Medicine, Kyoto University, for patient 11 and protocol number 98-1 approved by the Ethics Committee of the National Epilepsy C enter, Shizuoka, for patients 1-8). In two subjects (patients 9 and 10), oral informed consent was obtained at Tokyo Women's Medical University. Other neurophysiological findings of patients 3, 4, and 11 were reported elsewhere for entirely different purposes (Ikeda et al., 1999a,b; Kunieda et al., 2000; Ohara et al., 2000a) .
Cortical f unctional mapping. Electric stimulation was performed by delivering electric current to each electrode. Details of the stimulation method have been described elsewhere (L üders et al., 1987a; Ikeda et al., 1992; Lesser et al., 1992) . Cortical sites where the stimulation elicited muscle contraction were defined as "positive motor areas", and the areas where stimulation interfered with tonic muscle contraction or rapid alternating movements were defined as "negative motor areas" (L üders et al., 1987b, 1992) . For recording SEPs, electric stimulation of the median nerve contralateral to the side of electrode implantation was performed at the wrist with a stimulus intensity of 20% above the motor threshold for the abductor pollicis brevis muscle.
Identification of primary somatosensory area (S1) and M1 was based on subjective sensation and positive motor responses, respectively, elicited by electric stimulation of each electrode. Because the electrodes were located on the crown of the gyrus, M1 in the present study might include both Brodmann's areas 4 and 6 (Z illes et al., 1995; White et al., 1997) . The central sulcus was identified based on the distribution of N20 -P20 deflection of SEPs in four subjects (patients 1, 3, 5 and 11) (Allison et al., 1991) . In five subjects (patients 2, 4, 6, 9, and 10), the anatomical configuration judged by three-dimensional (3-D) magnetic resonance images (MRIs) taken after implantation of electrode grids was used for its determination. In the mesial cortex, the SM A proper was identified by its unique response to stimulation, consisting of predominantly tonic motor response of the upper as well as lower limbs, either unilaterally or bilaterally, and of trunk, neck, and face (Fried et al., 1991; Lim et al., 1994) . When no positive motor responses were elicited, the electrodes located posterior to the vertical anterior commissural (VAC) line on the mesial surface of the superior frontal gyrus were judged to be on the SM A proper (Picard and Strick, 1996; Wise et al., 1996; Z illes et al., 1996) . The somatotopy in the SM A proper was determined by taking the distribution of the movement-related cortical potential (MRC P) into account (Ohara et al., 2000a) . Anatomical location of the VAC line was determined based on the skull x-ray film and T1-weighted MRI in nine subjects (except for patients 1 and 7). Namely, the lateral view of the former was obtained after implantation of subdural electrodes and superimposed on the midsagittal plane of the latter. This enabled us to visualize the exact anatomical location of subdural electrodes (Ikeda et al., 1995 (Ikeda et al., , 1996 . Those electrodes that were located just rostral to the VAC line or showed negative motor response to cortical stimulation were judged to be on the pre-SM A regardless of their location.
In the subjects whose anatomical configuration of sulci was identified by 3-D MRIs (patients 1, 2, 6, 9, and 10) or visual inspection during surgery (patient 11), the precentral sulcus was also determined.
Motor task . The subjects lay supine on a bed with the arm contralateral to the implanted electrodes placed on a pillow. They performed a brisk, voluntary extension of the middle finger (patients 1-10) or the wrist (patient 11) at a self-paced rate of once per 6 -8 sec. They were trained before the recording so that they could move their finger or wrist briskly with a sufficiently long intertrial interval. The motor performance was continuously monitored with on-line electromyogram (EMG) recorded from the extensor digitorum communis (EDC) muscle for the middle finger extension and the extensor carpi radialis (ECR) muscle for the wrist extension.
Data acquisition. ECoGs from 28 -32 subdural electrodes and EMGs were continuously recorded. All subdural electrodes were referenced to a scalp electrode placed on the mastoid process contralateral to the side of electrode implantation. EMG from the EDC or ECR muscle was recorded by a pair of cup electrodes. The bandpass filter for data acquisition was set to 0.016 -120 Hz for both ECoG and EMG. All input signals were digitized at a sampling rate of 500 Hz and stored on magneto-optical disks with a digital EEG equipment (EEG2100; Nihon kohden, Tokyo, Japan). Data recorded from the electrodes either placed on the lesions demonstrated by MRI or showing epileptic discharges were excluded from f urther analysis.
Anal ysis. The EMG onset of each finger or wrist movement was visually determined on the continuously recorded data off-line. Trials containing artifacts or incomplete relaxation between movements were excluded from analysis. A total of 51-200 trials were selected for averaging for each subject.
Estimates of auto and coherence spectra were calculated by a fast Fourier transform algorithm implemented on Matlab 5.3 (Mathworks, Natick, M A). An estimate of coherence between ECoG signals recorded with reference to a common electrode might show an apparent increase of coherence as the result of introduction of activities from the reference electrode commonly into the two exploring electrodes (Andrew and Pf urtscheller, 1996) . In the present study, we used partial instead of ordinary coherence to solve this reference problem (Mima et al., 2000) . Partial coherence was computed by adopting the ECoG signal from a presumably most irrelevant electrode in each subject, which was far away from f unctional electrodes judged from the f unctional mapping and was devoid of significant MRC P. Partial coherence was calculated as follows Mima et al., 2000) :
where coherence was expressed as:
In this equation, f xx (i), f yy (i), and f zz (i) indicate estimates of autospectra of the ECoG signals, X, Y, and Z for a given frequency of (i), and f xy (i), f xz (i), and f xy (i) denote cross-spectra between each pair of signals. For a statistical comparison, normalized coherence, which denotes the arctanh-transformed value of the square root of partial coherence, was computed . The ECoG power was normalized on a logarithmic scale. To obtain a time course of partial coherence and power, a 512 msec window was shifted from 3072 msec before to 2048 msec after the movement onset in steps of 128 msec, making 40 epochs for each trial. Therefore, the center of the moving window was shifted from 2.8 sec before to 2.2 sec after the movement onset. The baseline period was defined as the segment from 2.8 to 2.3 sec (initial 5 epochs) before the EMG onset. The mean Ϯ 2 SD of normalized coherence and that of power values during the baseline period were defined as the baseline values. The frequency bands of 0 -6 Hz (␦-), 8 -12 Hz (␣), 14 -18 Hz (␤1), 20 -23 Hz (␤2), 25-33 Hz, 35-41 Hz, and up to 100 Hz in steps of ϳ10 Hz were analyzed. The peak time was defined as the time of the maximal increase in coherence and that of the maximal decrease in power in a given frequency band. The onset time was evaluated by using the regression line that started when the signal exceeded the baseline value and ended at the peak (Nagamine et al., 1996) . The times of peak and onset and the value at the peak time were determined in the frequency band showing the maximal change in coherence or power. Thus, the frequency band, where the peak and onset were estimated, was variable across pairsof-channels for coherence and channels for power. Furthermore, to investigate the spatial distribution of coherence computed relative to one electrode and that of power decrease, we made distribution maps showing the peak coherence value and the maximal power decrease for each frequency band. Because the peak value of coherence and the maximal power decrease were determined at each channel, their times were not necessarily identical among electrodes. In a preliminary analysis, we constructed the distribution maps of coherence and power at the same peak time with respect to the EMG onset, which showed essentially the same spatial pattern.
To measure the temporal relation between two ECoG signals, phase spectrum, ⌽ xy/z (j), was defined as the argument of the cross-spectrum as follows,
⌽ xy/z (j), has a valid interpretation only when significant correlation is present between two ECoG signals . Phase information was analyzed at the time of the coherence peak only in the frequency band where coherence showed a significant increase. The 95% confidence limits of phase were defined as follows, , and the SMA proper in the frequency range Ͻ50 Hz, followed by MPowI. Significant MPowI in Ͼ60 Hz was observed in S1 and M1, but not in the SMA proper. Significant increase in coherence was demonstrated for M1 versus the SMA proper and S1 versus the SMA proper in the frequency range of 10 -20 Hz, with the peak occurring around the time of movement onset. The horizontal bars in color scale indicate the 95% confidence limits.
If this range includes zero in a given frequency, it is defined that the phase lag equals near-zero.
A Student's t test and the Mann -Whitney U test were used for statistical comparisons of coherence value and onset-peak times, respectively. The peak value of coherence was f urther compared with twofactor factorial ANOVAs (mesial ϫ lateral; 2 ϫ 2).
RESULTS
Hereafter, M1, S1, and the SMA proper denote specifically the hand area of each region unless otherwise designated. The electrodes corresponding to M1 were identified in all the subjects and those to S1 in all but one subject (patient 9). The SMA proper was identified by cortical stimulation in seven subjects (patients 1, 2, and 5-9) and based on the anatomical location and MRCP findings in the remaining four subjects (patients 3, 4, 10, and 11). As far as the pre-SMA was concerned, a negative response to cortical stimulation was obtained in two subjects (patients 2 and 7), and it was anatomically defined in five subjects (patients 3, 4, 5, 6, and 11).
Power change related to movements
The movement-related change of power was analyzed in each of the four areas (Figs. 1 A, 2, 3A) . The results in three subjects (patients 3, 4, and 11) for S1, M1, and the SMA proper were reported in the previous paper (Ohara et al., 2000) , and the findings were consistent among all other subjects analyzed in the present study. In M1 and S1, the decrease of power (movementrelated power decrease; MPowD) occurred 1.3 Ϯ 0.6 and 1.2 Ϯ 0.6 sec before the movement onset, respectively (Table 2) . It occurred in the frequency range below ϳ55 Hz (Fig. 1 A) . The increase of power after the movement (movement-related power increase; MPowI) was observed in the ␤ and ␥ bands. The MPowI followed the MPowD in the ␤ and low ␥ bands (ϳ10 -30 Hz), whereas in the high ␥ band (Ͼ55 Hz), the MPowI occurred just around the movement onset (Fig. 1 A) . In the SMA proper, both the MPowD and the following MPowI were observed in the frequency range of Ͻ50 Hz (Fig. 1 A) . The MPowD in the SMA proper started at 1.8 Ϯ 0.8 sec before the movement (Table 2) . ␥ band MPowI in the SMA proper, however, was present only in two subjects (patients 5 and 9). As for the pre-SMA, a clear MPowD pattern was observed in five subjects (patients 2, 3, 5, 7, and 11) in the frequency range of Ͻ35 Hz (data not shown). No MPowI was observed in the pre-SMA.
The maximal MPowD was most frequently seen in the ␤ band (␤1 and ␤2) (71%; 22 of 31) in all areas except for the pre-SMA, where MPowD of a relatively wide frequency distribution was observed. Table 3 shows the coherence data including onset and peak times, peak value, and frequency bands in each of region pairs for each individual subject. Figure 2 shows the coherence and power spectra around the movement onset and during the baseline period in patient 3. Coherence between the SMA proper and M1 showed a transient increase with a peak occurring around the time of the movement onset (Figs. 1 B, 3B) . A significant increase in coherence between the SMA proper and M1 was observed in 10 subjects (except for Figure 2 . Power in M1 and the SMA proper ( A) and coherence ( B) spectra in patient 3. A thin line indicates spectra calculated during the baseline period (from 2800 to 2300 msec before the movement), and a thick line those around the movement onset (from 300 msec before to 300 msec after the movement onset). Power suppression in the frequency range Ͻ30 -40 Hz was observed in both M1 and the SMA proper during movement. Coherence between the two areas increased at ϳ10 Hz. Interrupted horizontal lines in A indicate the frequency bands where the difference between two power spectra exceeds the 95% confidence limit. A dotted horizontal line in B indicates the 95% confidence limit for coherence. patient 11) and between the SMA proper and S1 in eight subjects (except for patients 4, 6, and 9). The upper limits of frequency showing significant coherence increase varied among subjects, ranging from 12 to 33 Hz. Even when the data were re-analyzed with a narrower analysis window of 128 msec to detect a very transient coherence change, no significant coherence increase was observed in the frequency range of Ͼ30 Hz except for patient 11. In 50% of the subjects (four subjects for M1 vs the SMA proper and five for S1 vs the SMA proper), coherence increase was maximal in the ␣ band, and only two subjects showed the largest coherence increase in the ␤ band (␤2). Coherence with the SMA proper was not significantly different between M1 and S1 either in the peak value ( p ϭ 0.94; t test) or the time epochs of peak and onset ( p ϭ 0.76 and 0.42; Mann-Whitney U test). The onset of coherence increase between the SMA proper and M1 and between the SMA proper and S1 was significantly later than that of MPowD in the SMA proper ( p ϭ 0.019 and 0.006; MannWhitney U test) ( Table 2) . It tended to be later than that of MPowD in M1 and S1 ( p ϭ 0.14 and 0.07; Mann-Whitney U test). Figure 4 shows the spatial distribution of significant coherence increase computed relative to the SMA proper over the lateral surface in patient 6. In this subject, significant coherence increase occurred in the frequency range of ϳ23 Hz. Maximal coherence increase was present at the postcentral area in the ␣ band and over the precentral area in the ␤2 band. The spatial relation between MPowD and coherence was variable among subjects. Significant coherence also occurred in the gyrus just rostral to the precentral sulcus in four of six subjects whose precentral sulcus was identified (patients 2, 6, 9, and 10).
Functional coupling among different motor areas
SMA proper versus S1-M1
Among 10 subjects showing significant coherence increase between the SMA proper and M1, seven (patients 1-7) had nearzero phase. The remaining three showed inconsistent results. The phase difference between the SMA proper and M1 in the frequency band showing maximal coherence increase was 2 Ϯ 7°. For the phase difference between the SMA proper and S1, five of eight subjects (patients 1, 5, 7, 8, and 11) revealed near-zero lag relation (Ϫ1 Ϯ 8°), whereas the remaining three showed inconsistent results.
Pre-SMA versus S1-M1
Significant coherence increase between the pre-SMA and M1 was observed in five subjects (patients 2, 3, 4, 5, and 11) and between the pre-SMA and S1 in four subjects (patients 2, 3, 5, and 11). The upper limit of frequency showing significant coherence increase varied among subjects, ranging from 6 to 18 Hz. Re-analysis with a more narrow window of 128 msec did not change the results. No subject showed a maximal coherence increase for the frequencies higher than the ␤ range. Coherence with the pre-SMA was not significantly different between M1 and S1 either in the peak value either in peak value ( p ϭ 0.72; t test) or time of peak or onset ( p Ͼ 0.99 and p ϭ 0.09, respectively; Mann-Whitney U test) ( Table 2) . No comparison with power change for onset time was done because of the small number of subjects.
Maximal coherence increase computed relative to the pre-SMA was located in the precentral area in the frequency range of ϳ23 Hz. The location of maximal MPowD moved across the central sulcus as a function of frequency in patient 3 (Fig. 5) . However, the spatial relation between maximal coherence increase and MPowD was not consistent among subjects.
Phase analysis revealed near-zero phase difference between the pre-SMA and M1 in three of five subjects (patients 3-5). The phase difference in the frequency band showing maximal coherence increase was 2 Ϯ 2°. The remaining subjects showed inconsistent results. The phase difference between the pre-SMA and S1 showed inconsistent results in all subjects because of variability in terms of frequency range.
M1 versus S1
Among 10 subjects whose M1 and S1 were identified, seven showed a significant coherence increase (patients 1, 2, 5, 7, 8, 10, and 11) (Fig. 6) . The time course of coherence was not significantly different from that between mesial (the SMA proper or the pre-SMA) and lateral (S1 or M1) cortices (Table 2 ). The upper limit of frequency showing significant coherence increase ranged from 6 to 41 Hz. No significant coherence was observed in the high ␥ band (Ͼ60 Hz), even with a more narrow analysis window of 128 msec. The largest increase of coherence was present in the ␦-band in four subjects. No subjects showed a maximal coherence increase at frequencies Ͼ20 Hz. Five subjects (patients 1, 2, 5, 10, and 11) showed near-zero phase lag in the phase spectra, and the remaining two had inconsistent results. The phase difference in the frequency band showing maximal coherence increase was 0 Ϯ 3°with respect to M1.
pre-SMA versus SMA proper
Coherence between the pre-SMA and SMA proper was analyzed in seven subjects (patients 2-7 and 11). Among them, significant coherence increase was observed in only one subject (patient 2) in ␦-band. Phase spectra revealed near-zero phase lag in this frequency band.
Comparison of the peak value using ANOVA revealed no statistically significant difference for either mesial ( p ϭ 0.85) or lateral ( p ϭ 0.42) cortices.
DISCUSSION
In the present study using event-related partial coherence analysis, we have shown an increase of functional coupling between mesial and lateral frontoparietal cortices starting in the preparatory phase of voluntary hand movements. Extending our previous study (Ohara et al., 2000a) , we confirmed the power suppression of mesial and lateral frontoparietal areas during the preparatory phase of the movement. This power suppression of cortical oscillatory activity is thought to reflect cortical activation (Pfurtscheller, 1992) . The present study demonstrated (1) that coherence change was preceded by power change by a significant length of time (0.9 sec for coherence between the SMA proper and M1 vs 1.8 sec for the power change in the SMA proper), (2) that the spatial distribution of coherence and power was not significantly correlated, and (3) that the frequency bands showing maximal MPowD and co- herence change were different. Thus, it is likely that the movementrelated coherence analysis specifically detects the functional linkage between motor areas, independent of the activation of each area measured by the power change. Furthermore, this method demonstrates the temporal change of functional coupling with much higher temporal and spatial resolution than task-related coherence analysis of the scalp-recorded EEG (Classen et al., 1998; Gerloff et al., 1998; Andres et al., 1999) . 
Spectral structure of coherence
Significant coherence increase was documented in the frequency band Ͻ30 Hz between mesial and lateral frontoparietal cortices in all subjects except for one (patient 11). Among them, ␤ band (␤1 and ␤2) activity or even higher frequency activity was involved in half of the analyzed region pairs between mesial and lateral cortices (13 of 27). When the largest coherence increase was taken into account, however, the majority were either in the ␣ (56%; 15 of 27) or ␦-bands (37%; 10 of 27). Thus, our findings suggest a possible role for low-frequency activity in functional coupling. Low-frequency oscillations have been reported in corticothalamic networks (Steriade et al., 1993a,b) and hippocampus (Vanderwolf, 1969) . It was proposed that ␣ and oscillations might reflect cognitive and memory performance (Klimesch, 1999) . However, a further study is needed to address the function of the low-frequency coherence. Post-motion components of MRCP (Shibasaki et al., 1980) may affect the lower frequency (␦-) coherence increase, because of their rhythmic nature in this frequency range. The fact that its onset precedes the movement may exclude the possibility of this apparent coherence change, because the slow rhythmic components of MRCP are particularly seen after the movement onset (Shibasaki et al., 1980) . ␥ band oscillation is thought to be important for cortico-cortical functional coupling (Singer, 1993) . In the present study, ␥ oscillation was recorded in M1 and S1, as shown in the previous studies (Crone et al., 1999b; Ohara et al., 2000) , but it was rarely seen in the SMA (Figs. 1 A, 6 ). However, even between S1 and M1, both of which had abundant ␥ oscillations up to 90 Hz, significant coherence increase in the frequency range of 30 -60 Hz was present in only three subjects (patients 8, 10, and 11) (Fig.  6 ). Even in these three subjects, significant coherence increase coincided with MPowD at the same frequency band. No coherence increase was observed at the time of MPowI, which followed MPowD. Furthermore, no significant coherence in the high ␥ band (Ͼ60 Hz) was found. Thus, MPowI, which is the local increase of synchrony, might not necessarily be associated with the long-range cortico-cortical functional coupling in voluntary movements. This might support the notion that MPowI after MPowD might represent the deactivated state of the motor cortex (Pfurtscheller and Lopes da Silva, 1999). However, the present findings do not exclude the possibility that ␥ band coherence is involved in other types of tasks (Rodriguez et al., 1999) .
Spatial distribution of coherent activity and its functional relevance
No significant difference in the time course and value of coherence was observed between S1 and M1 (with the SMA proper or the pre-SMA) or between the SMA proper and the pre-SMA (with S1 or M1). Furthermore, the maximal coherence increase with the SMA proper or the pre-SMA was located at either M1, S1, or both, depending on the subjects. This might suggest that the mesial and lateral motor-related areas are linked together as a whole, irrespective of their precise functional properties. This suggests that the motor-related brain areas work as a global network, not as independent components, during movement preparation.
Theoretically, the coherence between mesial and lateral cortices may be explained by a common subcortical oscillator. However, the partial coherence analysis that we used in the present study may exclude its influence, if any, projecting on a wide cortical area. As shown in Figures 4 and 5, the coherence increase was observed in a relatively confined area, which would not be the case if a subcortical oscillator was the main source of coherence. Furthermore, if the subcortical oscillator acts before movement, a power increase should coincide with a coherence increase, contrary to the present result. Thus, it is most likely that the coherence increase observed in the present study might reflect corticocortical connections.
From the anatomical point of view, a tight reciprocal corticocortical connection is present between the SMA proper and M1/premotor cortices (Dum and Strick, 1991; Luppino et al., 1993) and between the SMA proper and S1 (Krubitzer and Kaas, 1990) in primates. However, no direct anatomical connection between the pre-SMA and S1-M1 has been found (Rizzollatti et al., 1998) , suggesting that not only cortico-cortical but also corticosubcortical networks (Contreras et al., 1996) might be important for the generation of coherence. However, the definition of pre-SMA in the present study was based on either the anatomical location with respect to the VAC line or the response to cortical stimulation. Therefore, the pre-SMA in these subjects might include a part of the SMA proper, especially when it was close to the VAC line, which may obscure the difference between them. 
Temporal aspect of functional coupling
The phase spectra revealed no significant phase difference in 57% (20 of 35) of region pairs analyzed, and the remaining pairs showed inconsistent results. Thus, it is likely that the motorrelated cortical areas bind together with near-zero time lag in the preparatory phase of voluntary movements. The near-zero phase lag might be in favor of the notion that coherent oscillations could be generated by the common projection from subcortical structures to both medial and lateral cortices. On the other hand, it has been suggested that the near-zero lag among neurons in different cortical areas mediated by reciprocal cortico-cortical connections could represent their integration into a coherent representation (Engel et al., 1991; Munk et al., 1995; Roelfsema et al., 1997) .
By using the event-related coherence analysis, we clearly demonstrated that the oscillations recorded from the supplementary and primary motor areas showed increased correlation before voluntary movements. It is postulated that human motor behavior, even a simple voluntary movement, is a product of the complex network connecting the multiple motor-related areas.
